SUMMARY
Coordination of growth between individual organs and the whole body is essential during development to produce adults with appropriate size and proportions [1, 2] . How local organ-intrinsic signals and nutrient-dependent systemic factors are integrated to generate correctly proportioned organisms under different environmental conditions is poorly understood. In Drosophila, Hippo/Warts signaling functions intrinsically to regulate tissue growth and organ size [3, 4] , whereas systemic growth is controlled via antagonistic interactions of the steroid hormone ecdysone and nutrient-dependent insulin/insulin-like growth factor (IGF) (insulin) signaling [2, 5] . The interplay between insulin and ecdysone signaling regulates systemic growth and controls organismal size. Here, we show that Warts (Wts; LATS1/2) signaling regulates systemic growth in Drosophila by activating basal ecdysone production, which negatively regulates body growth. Further, we provide evidence that Wts mediates effects of insulin and the neuropeptide prothoracicotropic hormone (PTTH) on regulation of ecdysone production through Yorkie (Yki; YAP/TAZ) and the microRNA bantam (ban). Thus, Wts couples insulin signaling with ecdysone production to adjust systemic growth in response to nutritional conditions during development. Inhibition of Wts activity in the ecdysone-producing cells non-autonomously slows the growth of the developing imaginal-disc tissues while simultaneously leading to overgrowth of the animal. This indicates that ecdysone, while restricting overall body growth, is limiting for growth of certain organs. Our data show that, in addition to its well-known intrinsic role in restricting organ growth, Wts/Yki/ban signaling also controls growth systemically by regulating ecdysone production, a mechanism that we propose controls growth between tissues and organismal size in response to nutrient availability.
RESULTS AND DISCUSSION

Warts Signaling in the Steroid-Producing Cells Systemically Controls Growth
The Hippo/Warts signaling pathway is a central regulator of organ growth and is highly conserved between Drosophila and mammals [3, 4] . In Drosophila, this pathway is known for its intrinsic role during development in restricting the growth of imaginal discs, larval epithelial tissues that generate the adult organs and structures. The highly conserved nuclear Dbf2-related (NDR) family kinase Warts (Wts; LAST1/2 in vertebrates) is a core downstream effector of the Hippo (Hpo), Salvador (Sav) complex in growth regulation. Wts directly phosphorylates the transcriptional coactivator Yorkie (Yki; YAP/TAZ in vertebrates), the primary target of the Hpo signaling pathway, leading to its removal from the nucleus.
Growth and development of organs are controlled by integration of systemic signals with organ-intrinsic signals, such as Hpo/Wts signaling [4] . In animals, the conserved insulin/insulinlike growth factors signaling pathways play central roles in regulating metabolism and systemic growth [5] . Drosophila produce several insulin-like peptides (Dilps) that signal through a single insulin receptor (InR) to regulate metabolism and growth. Specialized insulin-producing cells (IPCs) of the brain are the main source of circulating insulin in Drosophila. The release of insulin from the IPCs is regulated in response to nutritional information relayed through the fat body, a functional equivalent of the mammalian liver and adipose tissue [6] [7] [8] [9] [10] [11] . Circulating insulin promotes larval body growth as well as production of the steroid hormone ecdysone in the prothoracic gland (PG). Whereas peaks of ecdysone trigger developmental transitions, such as maturation, basal levels negatively affect body growth, at least in part, by repressing insulin signaling [12] [13] [14] . This suggests that a balance between the growth-promoting effects of insulin and the growth-inhibitory effects of ecdysone is required during development to control systemic growth ( Figure 1A) . Consistent with this, previous work has established a connection between insulin and ecdysone [12, 15] , although the physiological role of crosstalk between these two hormones in regulation of growth has remained unclear. In addition to inhibitory action on body growth, ecdysone promotes the growth of imaginal tissues [16] [17] [18] , suggesting that the crosstalk between insulin and ecdysone acts a key regulatory hub for regulating and coordinating organ growth and body size. In addition to insulin, the brain neuropeptide prothoracicotropic hormone (PTTH) is believed A) Schematic diagram depicting the interplay between the insulin-like peptides (Dilps) and ecdysone in regulation of systemic growth. Nutrients induce the release of Dilps that directly promote growth systemically and also stimulate ecdysone production, which negatively regulates systemic growth. Ecdysone production is also stimulated by release of the neuropeptide PTTH, which is suppressed by Dilp8 released from growing imaginal disc organs. During the growth period, basal levels of ecdysone regulate growth while peaks trigger maturation into an adult. (B) Knockdown of wts in the prothoracic gland (PG), using a PG-specific driver (phantom-Gal4; phm>) with five independent RNAi lines that target distinct sequences within wts, causes increased pupal size (n = 27-68). (C) Representative example of pupal size of control (phm>+) and phm>wts-RNAi #9928 (phm>wts-RNAi) animals with reduced expression of wts in the PG. (D) Pupal size of control animals (phm>+, spok>+, and heterozygotes), wts mutants, and wts mutants expressing UAS-wts (wts) in the PG with the phm> and spok> drivers (n = 38-56). (E and F) Pupariation timing (E) and larval growth rate during L3 (F) of phm>wts-RNAi animals with reduced expression of wts in the PG compared to controls (phm>+ and wts-RNAi/+). Knockdown of wts in the PG enhanced the growth rate during L3 compared to controls (comparison of slopes by linear regression; p < 0.05), causing increased larval size during the late L3 stage without affecting timing of pupariation (comparison of mean pupariation time; p > 0.05). (G and H) E74A and E75A mRNA levels 96 hr AEL (G) and ecdysteroid levels 96 and 126 hr AEL (H) in phm>+ control and phm>wts-RNAi larvae with reduced expression of wts in the PG. (I) mRNA levels of 4EBP and InR in phm>+ control and phm>wts-RNAi larvae. (J) Reduced expression of wts in the PG causes increased cytosolic localization of FOXO in the fat body. DAPI nuclear staining (magenta) of fat body is shown. dcr2 is UAS-dicer2, which enhances the RNAi effect. AEL, after egg lay. n.s., non-significant. Error bars indicate SEM. *p < 0.05; **p < 0.01; ***p < 0.001; versus the control. See also Figures S1 and S2 and Data S1 and S2.
to be a key factor that promotes the production and release of ecdysone by the PG. We previously identified a role of Wts in the PG in a genome-wide RNAi screen for genes involved in regulation of ecdysone production [19] , raising the possibility that Wts is involved in systemic regulation of growth.
To explore the role of Wts in the regulation of growth through ecdysone signaling, we investigated the effects on body size of wts knockdown in the PG. Knockdown of wts in the PG with five different UAS-wts-RNAi (wts-RNAi) lines targeting distinct sequences of the gene driven by the PG-specific phantomGal4 (phm>) construct caused an increase in pupal size ( Figures  1B and 1C) . Similar results were obtained when wts was silenced in the PG using a weaker and highly PG-specific spookier-Gal4 (spok>) driver (Figures S1A-S1D) . wts mutants also exhibited a pupal overgrowth phenotype ( Figure 1D ), whereas overexpression of wts in the PG reduced pupal size. To examine whether the systemic overgrowth of wts mutants is caused by lack of Wts activity in the PG, we expressed wts in the PG of wts mutants. Expression of wts in the PG largely rescued the systemic overgrowth phenotype of wts mutants, which suggests that wts regulates systemic growth primarily through effects in the PG, presumably by regulating ecdysone production. Knockdown of wts in the PG had little effect on timing of pupariation, indicating that the pupal overgrowth phenotype is not a consequence of an extended larval growth period due to a delay in pupariation ( Figures 1E and S1E ). This suggests that the timing of the ecdysone peak that triggers pupariation is not affected by loss of wts in the PG and indicates that loss of wts in the PG causes an increase in the growth rate of the animal. To investigate this possibility, we determined the growth rate during the third larval instar (L3) stage and found that animals with reduced expression of wts in the PG grow faster than control animals (Figure 1F) . Together, these data show that the pupal overgrowth phenotype of phm>wts-RNAi animals-with reduced expression of wts in the PG-is a consequence of enhanced growth rates.
Loss of wts Increases Systemic Body Growth through Inhibition of Ecdysone Production and Correlates with Increased Insulin Signaling
To test whether Wts activity in the PG affects basal ecdysone levels, we measured expression of the ecdysone-inducible genes E74A and E75A, which are targets of the ecdysone receptor (EcR) and are functional proxies for ecdysone levels [20] . Expression of E74A and E75A was reduced in phm>wts-RNAi animals during the mid-L3 stage, 96 hr after egg lay (AEL), indicating a reduction in ecdysone concentrations, which are at the basal level during this period ( Figure 1G ). Furthermore, we measured levels of ecdysone directly and found that animals with reduced expression of wts in the PG have lower levels of ecdysone during the mid-L3 stage ( Figure 1H ). In contrast, peak levels of ecdysone that trigger pupariation, the onset of maturation, were not significantly reduced 126 hr AEL, consistent with the normal pupariation of phm>wts-RNAi animals (Figures 1E and S1E). Expression levels of phantom (phm) and disembodied (dib), which encode ecdysone biosynthetic enzymes, were moderately, but not significantly, reduced in phm>wts-RNAi animals during the mid-L3 stage, 96 hr AEL (Figure S2A) . The effects of Wts on ecdysone production may therefore not be mediated primarily by transcriptional regulation of the ecdysone biosynthetic genes. Furthermore, knockdown of wts did not lead to cell-autonomous growth effects in the PG (Figure S2B) , indicating that the regulation of ecdysone production by Wts is not related to the growth of the PG. Together, these findings suggest that Wts activity in the PG inhibits systemic body growth by increasing basal ecdysone production, which negatively affects growth. Consistent with this notion, we found that increasing ecdysone levels by feeding with 20-hydroxyecdysone (20E), the active form of ecdysone, rescued the overgrowth phenotype of phm>wts-RNAi animals without reducing the larval growth period by acceleration of pupariation ( Figures  S2C-S2E) .
The ecdysone-induced inhibition of systemic body growth suggests that it reduces growth-promoting signaling, and increased ecdysone signaling has previously been shown to correlate with reduced insulin signaling [12, 21] . To investigate whether the reduction of basal ecdysone signaling due to PGspecific wts knockdown is associated with increased insulin signaling, we measured the expression of 4EBP, a negative regulator of growth and a target of the transcription factor FOXO [22] . High levels of insulin signaling cause cytosolic localization of FOXO, which decreases FOXO-dependent 4EBP transcription. Larvae with reduced expression of wts in the PG showed a strong reduction in 4EBP transcript levels and increased cytosolic localization of FOXO in the fat body during the mid-L3 stage, 96 hr AEL ( Figures 1I, 1J , S2F, and S2G). Together, these results indicate that the reduced basal ecdysone production that causes overgrowth of phm>wts-RNAi animals correlates with increased systemic insulin signaling and higher growth rates.
Wts Signals through Yorkie and the microRNA bantam in the PG to Control Systemic Body Growth To test whether disinhibition of Yki, the transcription-regulating effector of the Wts pathway, plays a role in the non-autonomous induction of systemic body growth, we expressed a hyperactive form of Yki (Yki S168A ) in the PG. Overexpression of hyperactive Yki S168A in the PG using the strong phm> driver caused a pupal overgrowth phenotype and enhanced larval growth rates similar to when wts is knocked down (Figures 2A and S3A ) but also extended the larval growth period by delaying pupariation (Figure S3B ). For moderate Yki activation, we used the P0206-Gal4 (P0206>) line that drives weaker expression in the PG cells [23] compared to phm> to overexpress Yki S168A and found that this leads to an increase in pupal size without affecting timing of pupariation (Figures S3B and S3C), consistent with enhanced growth rates. Next, we asked whether Yki activity is required downstream of wts in the PG to enhance systemic body overgrowth. The pupal overgrowth phenotype caused by knockdown of wts was rescued by simultaneous knockdown of Yki, indicating that, in the PG, Yki mediates the action of Wts on body growth inhibition ( Figure 2B ). Several downstream target genes of Yki have been identified, including cyclin E, DIAP1, and the microRNA bantam (ban). Because ban has previously been shown to reduce basal ecdysone production [24], we chose to test whether ban is a downstream target of Wts in the PG. We analyzed ban activity in the PG using a ban-lacZ reporter [25] and found that PG-specific wts knockdown led to a dramatic upregulation of ban activity ( Figures 2C and S3D ). Furthermore, overexpression of ban in the PG phenocopied knockdown of wts by reducing basal ecdysone levels and enhancing growth rates, leading to pupal overgrowth ( Figures 2D-2F , S3A, and S3C) without extending the growth period when P0206> was used to drive ban expression (Figure S3B ). To investigate whether the effect of wts on systemic body growth requires ban activity, we blocked the function of ban in the PG by overexpression of a microRNA sponge (bansponge), which reduced pupal size without affecting timing of pupariation ( Figures 2E and S3B ), indicating that the small body size was a consequence of reduced growth rates. The overgrowth phenotype caused by knockdown of wts in the PG was rescued by loss of ban function ( Figure 2E ), suggesting that ban is the main downstream effector of Wts signaling in the regulation of ecdysone production in the PG.
Wts Signaling Couples Ecdysone Production with Developmental and Nutrient-Dependent Signals
The PG functions as a decision-making center that integrates multiple inputs to regulate ecdysone production in response to nutrition and the growth status of the developing imaginal discs [26, 27] . To identify the upstream signal(s) that regulates Wts/Yki/ ban in the PG, we silenced hpo, the canonical upstream activator of Wts, using two different RNAi lines. However, knockdown of hpo in the PG did not change pupal size ( Figure S3E ), indicating Figure S3 and Data S1.
that Wts may function independently of Hpo in the PG. Insulin is a key pathway that couples nutrient status to ecdysone production in the PG. Furthermore, the neuropeptide PTTH induces ecdysone biosynthesis in the PG by binding to its receptor, Torso, activating the Ras/ERK pathway [28, 29] . During the larval growth phase, the release of PTTH is suppressed by Dilp8 released from growing imaginal disc tissues, coupling organ growth to ecdysone production [27, 30] . How the PG integrates these distinct inputs to regulate the production of ecdysone and systemic growth as a function of the discs' developmental status and environmental conditions is not fully understood. We hypothesized that Wts may be involved in the integration of signals that together regulate ecdysone production. We therefore tested whether these signals regulate the expression of wts in the ring gland, a composite endocrine organ that is largely composed of the PG cells. PG-specific activation of insulin signaling (via overexpression of InR) or PTTH signaling (by expressing the constitutively active Ras protein Ras V12 ) both caused upregulation of wts expression in the ring gland (Figure 3A) , indicating that Wts may be a common downstream effector that integrates these signals in the PG. Insulin signaling has previously been shown to promote basal ecdysone production, which inhibits systemic growth and reduces pupal size [12, 15] . Activation of PTTH signaling in the PG also promotes ecdysone production and reduces pupal size through activation of the mitogen-activated protein kinase (MAPK) pathway [28] , which in other contexts has been shown to interact with the Hpo/Wts pathway [31] . To determine whether Wts signaling mediates the influence of insulin and PTTH signaling on ecdysone production that controls body size, we investigated the genetic interaction of wts with insulin and PTTH signaling in the PG. Animals with enhanced insulin signaling (overexpression of InR) or elevated PTTH signaling (overexpression of the PTTH receptor torso) in the PG exhibited reduced body size, which was partially rescued by simultaneous wts knockdown using P0206> (Figures 3B and 3C ). Because P0206> expresses in both the PG and the corpora allata (CA), another endocrine tissue, we used the PG-specific spok> to investigate whether effects of this interaction arise specifically in the PG. PG-specific enhancement of insulin signaling (overexpression of InR or PI3K or knockdown of PTEN or FOXO) or PTTH signaling (overexpression of torso or Ras V12 ) caused reduced body size, which was partially eliminated by knockdown of wts ( Figures 3D and 3E) . The rescue of body size by wts knockdown when either of these pathways was activated exceeded the effects of wts-RNAi alone, suggesting that, in the PG, wts is important downstream for mediating effects of insulin and PTTH signaling on ecdysone production rather than working in parallel with these pathways. This is in agreement with previous studies showing that ban mediates effects of insulin signaling on basal ecdysone production in the PG [24] and that Yki signaling interacts with Akt and acts downstream of insulin [32, 33] . To further support a role for Wts in mediating effects of insulin signaling, we analyzed the influence of nutrition on Wts activity in the PG as measured by the localization of Yki and expression of ban, shown above to be a target of Wts signaling, following starvation. Wts phosphorylates and inhibits nuclear localization of Yki [34] , and we found increased nuclear localization of Yki in the PG under starvation (Figures S4A and ) using the P0206-Gal4 (P0206>) driver (B and C) and the spok-Gal4 (spok>) driver (D and E). Significant interactions between effects of wts-RNAi and overexpression of InR or torso with P0206> (p < 0.01 and 0.05, respectively) and between effects of wtsRNAi and overexpression of torso or FOXO-RNAi with spok> (p < 0.05 and 0.001, respectively) on pupal size (two-way ANOVA; n = 42-58) show that effects of increased insulin or PTTH signaling was reduced by knockdown of wts in the PG. This indicates that Wts is mediating effects of insulin and PTTH signaling on ecdysone production. Reported D values reflect percent size change from the control. (F) Effect of wts knockdown in the PG on pupal size is nutrient dependent. phm>+ control and phm>wts-RNAi larvae with reduced expression of wts in the PG were raised on nutrient-poor food (0.33 yeast) or nutrient-rich food (33 yeast) (n = 35-38). dcr2, UAS-dicer2 enhances the RNAi effect. Error bars indicate SEM. *p < 0.05; ***p < 0.001; versus the control. See also Figure S4 and Data S1. S4B), consistent with lower insulin signaling and Wts activity in response to nutrient deprivation. We found little regulation of Yki localization in the PG during development and that wts expression is not upregulated in the ring gland during the late L3 stage (120 hr AEL), when expression of genes involved in ecdysone biosynthesis increases to produce the high-level ecdysone peak ( Figures S4C and S4D) , suggesting that the Wts/Yki/ban pathway regulates basal production of ecdysone and not the timing of the ecdysone peak that triggers pupariation. Furthermore, we found that expression of ban, a direct target of Yki, increases after starvation in the PG ( Figures  S4E and S4F) . Taken together, these data suggest that the Wts/Yki/ban pathway is a key signaling node that mediates effects of insulin and PTTH signaling on ecdysone production and pupal body size.
Feeding Drosophila with amino-acid-rich food leads to high levels of circulating insulin, which promotes systemic growth and ecdysone production in the PG. Our observations suggesting that Wts is a downstream effector of insulin signaling further support that upregulation of wts in the PG under rich-food conditions plays a role in promoting basal ecdysone production, which would in turn inhibit systemic body growth. Consistent with the role of Wts in promoting basal ecdysone production, thereby preventing overgrowth under conditions associated with high insulin signaling, we observed that knockdown of wts in the PG caused an increased overgrowth on amino-acid-rich food conditions ( Figure 3F ). Taken together, these observations suggest that increased insulin signaling activates Wts in the PG, which relieves ban-mediated repression of ecdysone signaling to prevent body overgrowth under nutrient-rich food conditions, thereby forming a feedback circuit that controls body size.
The Activity of Wts in the Ecdysone-Producing Cells Is Required for Normal Imaginal Disc Growth
The coupling of ecdysone production to nutrition is important in coordinating growth and maturation. Wts activity in the PG mainly affects basal ecdysone production and growth rate, with little influence on maturation timing ( Figure 1E ). Does Wtsmediated coupling of insulin and ecdysone signaling during the feeding stages function solely to adjust final body size to nutrient conditions? Evidence suggests roles of ecdysone in restricting overall body growth but at the same time promoting imaginaldisc growth [12, [16] [17] [18] [35] [36] [37] [38] . Wts activity in the PG may therefore be required for regulating imaginal-disc growth during development in response to nutrient-dependent insulin signaling and PTTH signaling, which is inhibited by actively growing disc tissues. To investigate whether wts in the PG plays a role in coordinating the growth of developing organs and the growth of the whole body, we compared overall larval body size with larval wing disc size. Reduced expression of wts in the PG resulted in a strong decrease in disc tissue growth while increasing overall larval size ( Figures 4A-4C) . Furthermore, reducing production of ecdysone by knocking down torso in the PG similarly resulted in a marked decrease in growth of the imaginal disc tissue, together with an increase in larval body size. These results show that Wts activity in the PG non-autonomously promotes growth of disc tissue and confirms that ecdysone is necessary for normal disc growth. Therefore, growth coordination between the imaginal discs and the whole body is ecdysone dependent and requires Wts activity in the PG.
Conclusions
Growth and development of organs are controlled by integration of systemic signals with organ-intrinsic signals, such as Hpo/Wts signaling [4] . We demonstrate a role of the tumor suppressor Wts in modulating systemic growth, which is mediated via its regulation of ecdysone production in the Drosophila PG. Our analysis indicates that, during the Drosophila larval growth period, Wts signaling in the PG couples developmental and nutrient inputs by mediating effects of PTTH and insulin on ecdysone production to adjust the rate of systemic growth in response to organ growth status and environmental conditions ( Figure 4D ). The 
. Systemic Effect of Wts Activity in the Ecdysone-Producing Cells Promotes Disc Growth and Is Required for Coordination of Growth between Discs and Body
(A) Reduced growth of wing discs from L3 larvae with knockdown of wts (phm>wts-RNAi) or torso (phm>torso-RNAi) in the PG compared to control animals (phm>+, wts-RNAi/+, and torso-RNAi/+). (B) Representative images of wing discs from L3 larvae of these genotypes. Discs were isolated 120 hr AEL. (C) Body size of L3 larvae is increased in phm>wts-RNAi or phm>torso-RNAi animals compared to phm>+, wts-RNAi/+, and torso-RNAi/+ control animals 120 hr AEL. (D) Model for systemic growth control and growth coordination by Wts signaling through regulation of ecdysone production in the PG. Wts signaling mediates effects of insulin and PTTH on ecdysone production, which nonautonomously increases the growth of the developing imaginal disc tissues while negatively regulating systemic body growth. Drosophila insulin-like peptides (Dilps) are released from cells in the brain in response to nutrient intake to promote systemic growth and basal ecdysone production. During development, the release of the neuropeptide PTTH from the brain is suppressed by Dilp8, which is released from growing disc tissues and couples organ growth with ecdysone production. Wts couples insulin signaling with ecdysone production to adjust systemic growth and coordinate growth between tissues in response to nutrient availability during development. Error bars indicate SEM. ***p < 0.001; versus the controls. body overgrowth of wts mutants is largely explained by lack of this growth-regulatory mechanism by which Wts restricts systemic growth. The interaction of the Wts pathway with ecdysone production is required for growth regulation between the developing organs and overall body. Wts signaling has a conserved role in regulating organ size, and interestingly, mice lacking the wts homolog LATS2 seem to growth faster than normal [39] , similar to what we observe for Drosophila with knockdown of wts in the PG. Furthermore, the mammalian Yki homolog Yesassociated protein (YAP) has recently been linked to regulation of steroidogenesis [40] . In mammals as in Drosophila, steroids promote growth and maturation; the mechanism by which Wts signaling controls systemic growth through regulation of steroid production in response to nutrition may thus be an evolutionarily conserved mechanism that regulates organ and body growth in adaptation to environmental conditions.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Drosophila stocks and transgenic flies Drosophila larvae and adults of mixed stages and sexes were raised on standard cornmeal medium (Nutri-Fly Bloomington formulation) at 25 C, 60% humidity, and 12:12 light/dark cycle unless otherwise stated. L3-stage larvae of mixed sexes were used for immunohistochemistry, ecdysteroid measurements, quantitative PCR and analysis of larval growth rates. Pupal sizes were analyzed using pupal-stage animals of mixed sexes. Fly stocks carrying UAS-Yki S168A (#28816), UAS-Yki-RNAi (#34067), ban-lacZ reporter (#10154), UAS-Ras V12 (#64196), UAS-wts::myc (#44250), wts X1 /TM6 (#44251), UAS-wts-RNAi (#27662), UAS-wts-RNAi (#34064), UAS-wts-RNAi (#41899), UAS-hpo-RNAi (#27661), and UAS-hpo-RNAi (#33614) fly lines were obtained from the Bloomington Stock Center. UAS-wts-RNAi (#9928), UAS-wts-RNAi (#106174), UAS-FOXO-RNAi (#30557), and Yki::GFP (#318237) stocks were obtained from Vienna Drosophila Resource Center (VDRC). UAS-banD (UAS-ban) [44] and UAS-ban-sponge [45] were generous gifts from H ector Herranz and Stephen Cohen. phm-Gal4 [46] , P0206-Gal4 [12] , UAS-InR 29. 4 (UAS-InR) [15] , wts P2 /TM6 [47] , and spok-Gal4 lines were was generous gifts from Michael B. O'Connor (University of Minnesota). The spok-Gal4 line was constructed by MaryJane Shimell in the O'Connor lab. A 1.45 kb upstream fragment was PCR amplified from w 1118 genomic DNA and cloned into the pCRII-TOPO vector (Themo Fisher Scientific), excised as an EcoRI fragment, and re-cloned into Pelican Gal4 vector (derived from the pPelican vectors [49] ). This plasmid was used to make transformant lines in the w 1118 background. A transgenic UAS-torso::V5 line was generated by PCR amplification of the torso coding sequence, along with its 5 0 and 3 0 untranslated regions, from the RE49094 cDNA clone (obtained from Drosophila Genomics Resource Center) with the primers F:torso: AACTCGAGCTCAGTTCAG CAAGATAATCCGAG and R:torso: ATATTCTAGACTTAGGCTAGCTTTAATGTTTATTGC, containing XhoI and XbaI sites (underlined). The product was purified and cloned into the pCR2.1 vector. A V5 epitope tag was introduced in frame before the stop codon by sitedirected mutagenesis using the Quick-Change kit (Stratagene) according to the manufacturer's protocol with the following primers: F:torso-V5: CTATACCTAGAACCTTTGAATGGTAAGCCTATCCCTAACCCTCTCCTCGGTCTCGATTCTACGTAATAGTCATTGCTT CAAGATTAT and R:torso-V5: ATAATCTTGAAGCAATGACTATTACGTAGAATCGAGACCGAGGAGAGGGTTAGGGATAGGCTTA CCATTCAAAGGTTCTAGGTATAG. The fragment containing torso::V5 was sequenced and cloned into the XhoI/XbaI sites of the pUAST vector [48] . Transgenic flies were generated by injection of DNA using standard protocols.
METHOD DETAILS
Starvation, timing and growth experiments For growth and developmental timing experiments, larvae were synchronized by allowing flies to lay eggs for 4 hr on apple-juice agar plates supplemented with yeast paste. Newly hatched L1 larvae of mixes sexes were collected 24 hr later and transferred into vials 
Immunohistochemistry
Tissue were dissected in PBS and fixed in 4% formaldehyde for 25 min at room temperature (RT). After fixation, tissues were washed four times in PBS containing 0.1% Triton X-100 (PBT) and blocked for one hour in PBT containing 5% normal goat serum (NGS) at RT. Tissues were then incubated at 4 C overnight with primary antibodies diluted in PBT containing 5% NGS, followed by four washes in PBT. Samples were incubated in secondary antibodies diluted in PBT for 2 hr at RT followed by four washes in PBT. Nuclei were stained with DAPI (1:500). Primary antibodies used were rabbit anti-Phm (1:200) [41] , rabbit anti-FOXO (1:500; a generous gift from Pierre L eopold [42] ), guinea pig anti-Sro (1:500; a generous gift from Ryusuke Niwa [43] ), rabbit anti-GFP (1:500; #TP401, Torrey Pines Biolabs, USA), and mouse anti-beta-Galactosidase (1:100; DSHB). Fluorescently conjugated secondary antibodies used were goat anti-rabbit Alexa Fluor 488 (Thermo Fisher Scientific, #A32731), goat anti-rabbit Alexa Fluor 555 (Thermo Fisher Scientific, #A21429), goat anti-guinea pig Alexa Fluor 555 (Thermo Fisher Scientific, #A21435), and goat anti-mouse Alexa Fluor 488 (Thermo Fisher Scientific, #A11001). Samples were mounted in ProLong Gold Antifade (Molecular Probes), and images were acquired using a Zeiss LSM laser scanning confocal microscope. Image processing was performed using FIJI (NIH) software [50] .
Ecdysteroid measurements
Ecdysteroids were extracted from whole animals and measured as described in detail below and previously [20, 51] . Ten frozen animals were homogenized in 0.5 mL methanol and centrifuged to collect the supernatant. The pellet was re-extracted in 0.5 mL methanol and 0.5 mL ethanol using the same procedure. The total volume of 1.5 mL was centrifuged, 0.5 mL of the supernatant was evaporated, and the residue was dissolved in ELISA buffer (1 M phosphate solution containing 1% BSA, 4 M sodium chloride, and 10 mM EDTA). Ecdysteroids were measured using a commercial ELISA kit (ACE Enzyme Immunoassay; Cayman Chemical). Standard curves were generated using 20E (Sigma-Aldrich #H5142), and the absorbance was determined at 405 nm.
Quantitative real-time PCR analysis
For analysis of gene expression in whole animals, total RNA was isolated from 5 L3 larvae of mixed sexes per sample. For experiments using ring glands, total RNA was extracted from 10-15 ring glands per sample, dissected in PBS. Total RNA was isolated using RNeasy Mini Kit (QIAGEN) and DNase-treated to avoid genomic DNA contamination. RNA concentrations were determined using a NanoDrop spectrophotometer (Thermo Scientific), and cDNA was synthesized by reverse transcription using iScript Reverse Transcription Supermix (Bio-Rad). Relative gene expression was measured by quantitative real-time PCR (qPCR) using the QuantiTect SYBR Green PCR Kit (QIAGEN) and the Mx3005P qPCR System (Agilent Technologies). Relative mRNA levels were normalized to RpL23 transcript levels and expressed as percent change relative to the mean of the control [52] . Melting-curve analysis was applied to all reactions to ensure homogeneity of the product. Primer sequences are given in Table S1 .
QUANTIFICATION AND STATISTICAL ANALYSIS
Growth and pupal size analysis Wing-disc size was determined by taking DIC images of fixed tissues with a Zeiss Axio Observer.A1 microscope and analyzed using FIJI (NIH) software [50] . For growth-rate experiments, unsexed synchronized larvae were collected at different time points during L3, transferred to PBS, and subjected to 60 C for one minute in a water bath to allow them to be stretched for analysis. Larval and pupal sizes were determined from images captured with a Point Grey Grasshopper3 high-resolution camera using a custom MATLAB script (SizeAnalysis, see Data S1; MATLAB R2016b, The MathWorks, Natick, Massachusetts, USA).
Analysis of FOXO localization
Fluorescence analysis of FOXO nuclear localization was done using custom MATLAB scripts (NuclearFOXOanalysis, see Data S2). Confocal slices of fat-body tissue stained with FOXO and DAPI were Z-projected and converted to binary images using Otsu's global threshold method. Nuclear locations and sizes were identified from the binary image, and individual cytosolic regions were defined as an expanded perimeter region of the nucleus that is of equivalent area to each nucleus. FOXO intensity (both nuclear and cytosolic) was computed for each nucleus by averaging the FOXO signal within the defined nuclear and cytosolic areas in the 5-slice window centered on the slice with the highest DAPI intensity. Finally, the mean nuclear and cytosolic FOXO fluorescence was computed for each fat-body sample.
Statistical analysis
Statistical analyses were performed using GraphPad PRISM (version 7). Significant differences were determined using two-tailed Student's t tests for pairwise comparisons and ANOVA with a Bonferroni post-test for multiple comparisons. Where specified, significant differences in growth rates were determined by comparison of slopes with linear regression and epistasis was detected by two-way ANOVA analysis based on statistical interactions between the effects of two genetic manipulations on pupal size. All quan-tified data are presented as mean ± SEM, and p < 0.05 was considered statistically significant as referenced in the figure legends. Values of 'n' are detailed in figure legends and refer to number of independent sample replicates. Statistical tests and significance levels are indicated in each figure legend together with significance level (p value).
DATA AND SOFTWARE AVAILABILITY
MATLAB scripts for analysis of larval and pupal size (SizeAnalysis) and FOXO localization (NuclearFOXOanalysis) are provided in Data S1 and S2.
